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Interest in biologically active materials that can be used as cell culture substrates for
medicinal applications has increased dramatically over the last decade. The design
and development of biomaterials mimicking the natural environment of different cell
types, the so-called extracellular matrix (ECM), is the focus of research in this
field. The ECM exists as an ensemble of several adhesion proteins with different
functionalities that can be presented to the embedded cells. These functionalities
regulate numerous cellular processes. Therefore, different approaches and strategies
using peptide- and protein-based biopolymers have been investigated to support the
proliferation, differentiation, and self-renewal of stem cells, in the context of regenerative
medicine. This minireview summarizes recent developments in this area, with a focus on
peptide-based biomaterials used as stem cell culture substrates.
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INTRODUCTION
Developing cell culture materials is a challenging task for the chemistry community, but its
successful realization would allow cellular behavior to be directly influenced in order to optimize
their applications in regenerative medicine. By tuning the properties of such materials, i.e., stiffness
or the presence of chemical inducers like recognition motifs, it is possible to tailor the stem cell’s
microenvironment to give information regarding proliferation and differentiation. In nature, stem
cells are arranged in a definedmicroenvironment, referred to as stem cell niche, which regulates the
stem cell’s behavior based on input from all of the components that comprise it (Jones andWagers,
2008; Kühl and Kühl, 2012). The stem cell niche theory was developed by Schofield (1978) and
describes how stem cells are supported or influenced by the defined microenvironment, by means
of physical interactions between the stem cells and other cells, the secretion of signal molecules, or
the presence of molecules on the surface of other cells, like integrins (Fuchs et al., 2004; Li and Xie,
2005; Jones and Wagers, 2008; Kühl and Kühl, 2012).
The extracellular matrix (ECM) is the major and most important part of the stem cell niche.
Numerous studies have shown that ECMs influence stem cell’s fate (Guilak et al., 2009). The
composition of natural ECM can differ and depends on its tissue of origin. It consists of different
adhesion proteins like collagen, fibronectin, and laminin, to which the stem cells are exposed
(Hynes, 2009; Kühl and Kühl, 2012; Watt and Huck, 2013). These adhesion proteins bind to
integrins on the cell surface via cell-binding epitopes. Cell-binding epitopes are small peptide
sequences derived from adhesion proteins, namely, RGD from collagen, RGDS from fibronectin
and IKVAV and YIGSR from laminin (Lampe and Heilshorn, 2012). The stem cell senses the
environment in which it is embedded and is able to modify its form and function accordingly;
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this is its main mechanism of proliferation and differentiation.
Understanding this mechanism in detail is of paramount
importance to the development of new biomaterials for stem cell
biology (Lutolf et al., 2009).
Stem cells have specific characteristics that differ from those of
other cells in the body. In particular, they are able to differentiate
into individual cell-types (Ding and Schultz, 2004; Griffin et al.,
2015) and contribute to the regeneration of tissues (Kühl and
Kühl, 2012; Griffin et al., 2015). Additionally, the unlimited
self-regeneration by asymmetric cell division into a specialized
and an unspecialized daughter cell constitutes one of the main
characteristics of stem cells (Watt and Hogan, 2000; Knoblich,
2008). Two different types are known: embryonic stem cells
(ESCs) and adult stem cells (ASCs) (Kühl and Kühl, 2012;
Griffin et al., 2015). ESCs are derived from the inner cell mass
of the blastocyst (Ding and Schultz, 2004; Kühl and Kühl,
2012) and have a pluripotent differentiation potential (Odorico
et al., 2001; Kühl and Kühl, 2012). Induced pluripotent stem
cells (iPSCs) are a nearly inexhaustible source of pluripotent
stem cells. They are directly reprogrammed from fibroblasts by
introduction of four growth factors Oct3/4, Sox2, c-Myc, and
Klf4. iPSCs possess the properties similar to ESCs (Takahashi
and Yamanaka, 2006) and are therefore an auspicious cell species
to study the differentiation potential of artificial cell culture
substrates for differentiation of pluripotent stem cell lines. ASCs
are unspecialized, multipotent cells derived from adult tissues
and can differentiate into restricted types of specialized cells
(Ding and Schultz, 2004; Griffin et al., 2015). The most common
type of ASCs are mesenchymal stem cells (MSCs) ASCs require
a defined microenvironment in an adult organism to maintain
their stem cell properties.
Over the last decade, the importance of identifying and
exploring ECMs and their niches has been increasingly
recognized (Morrison and Spradling, 2008; Walker et al., 2009).
Peptides and peptide derivatives are excellent candidates for the
development of 2D and 3D cell-culture materials, thanks to their
biodegradability and biocompatibility, and make it possible to
tailor biomaterials for different applications in tissue engineering
and regenerative medicine (Lampe and Heilshorn, 2012; Wu
et al., 2012). Specific types of peptide-based materials possess
specific advantages: whereas 2D scaffolds present highly sensitive
ligands bound to an inert substrate, elasticity and stiffness are key
in obtaining differentiation signals for stem cells embedded in 3D
scaffolds. The properties of each peptide-based material can be
adjusted by the primary structure, and they are generally easy to
procure by means of standard peptide synthesis protocols (Jung
et al., 2010). Peptide structures, folding processes and stability
are also for the most part well-established in the literature
(Lakshmanan et al., 2012; Wu et al., 2012).
PARAMETERS OF A SYNTHETIC
EXTRACELLULAR MATRIX
Stem cells are sensitive toward the physical parameters of
the surrounding microenvironment and are able to adapt
their differentiation lineage according to the topology, polarity
or the elasticity of the surface (Trappmann et al., 2012;
Murphy et al., 2014).
Non-peptidic topological cues influencing stem cells
include surfaces presenting different chemical functionalities;
for example, glass silane modified substrates with diverse
functional groups (methyl-, amino, silane-, hydroxy-, and
carboxy-groups) on their surfaces were established to culture
hMSCs (Curran et al., 2006). Methyl-substituted surfaces
lead to maintenance of the hMSC phenotype, amino-surfaces
promote and maintain osteogenesis, and hydroxyl- and
carboxyl-groups promote and maintain chondrogenesis (Curran
et al., 2005, 2006). Stiffness is one of the main parameters
for directing the fate of a stem cell, and it is expressed by an
elastic modulus. Stem cells are mechanically sensitive, thus
their fate is directed by the stiffness of the environment into
which it is embedded (see Figure 1). Examples of stiffness cues
include the development of biomaterials for directed stem
cell differentiation in 2D and 3D cell cultures. For example,
polyethylene glycol silica nanocomposite gels containing
RGD-peptides and exhibiting different degrees of stiffness were
investigated regarding hMSC differentiation. Stiffer gels showed
higher expression levels of Runx2, an early bone differentiation
transcription factor, compared to gels having low or intermediate
stiffness (Pek et al., 2010).
CELL ATTACHMENT AND PROLIFERATION
ON PEPTIDE-BASED BIOMATERIALS
A prominent example of conjugation of adhesion proteins
with different biologically relevant polymers was shown
by Zhang et al. (2016), who functionalized hyaluronic
acid (HA) with methacrylate to achieve photo-crosslinking
on glass-slides and conjugation of a synthetic peptide
derived from vitronectin (VN) to the glycosaminoglycan
(Zhang et al., 2016). The growth rate of hiPSCs on these
VN-MeHA surfaces was compared to that on Madrigal,
a mixture of ECM proteins, and similar results were
obtained (Zhang et al., 2016).
Another example of a 3D nanofibrous scaffold supporting
cell differentiation is the RAD16 peptide family (Zhang et al.,
2005; Wu et al., 2012) These two ionic peptides, named
RAD16-I and RAD16-II, are able to form stable β-sheets in
water and self-assemble spontaneously into nanofiber scaffolds,
which could mimic the ECM of tissue cells (Yanlian et al.,
2009; Wu et al., 2012). Furthermore, three different self-
assembling peptide hydrogels were developed to mimic a 3D cell
environment for human adipose stem cells by functionalization
of RAD16-I with three biologically active peptide motifs (see
Table 1) at its C-terminus (Liu et al., 2013). The functionalized
RAD16-I peptide-based hydrogels were used for cell culture
and showed that the peptide motifs increased the viability of
human adipose stem cells compared to RAD16-I. The largest
number of human adipose stem cells showing highest biological
activities including migration, proliferation and growth factor-
secretion were detected in case of RAD/PRGD. These kinds
of biomaterials follow simple design principles and are easy
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FIGURE 1 | Schematic representation of the extracellular matrix of stem cells. Stem cells are surrounded by fibers and adhesion proteins which recruit integrins. Their
fate is directed by aspects of the ECM like stiffness, cell-cell interactions, and composition with respect to solubility factors, adhesionproteins, and
glycosaminoglycans. Topological signals can be epitopes presented by the latter to direct cell behavior. According to the biomaterial design principles discussed,
peptide materials can be designed to comply with the requirements of the natural ECM. A stiff ECM leads to differentiation toward stiff tissues, i.e., osteogenesis.
Depending on the specific lineage of stiffness and elastic moduli, for example, MSCs can differentiate tissues according to stiffness of tissues the cells are specializing
in. Brain tissue has elastic moduli that range from 0.1 to 1 kPa and can entrap neurocytes (Lv et al., 2015); elastic moduli of pancreatic tissue are about 1.2 kPa;
cartilage tissue has a typical elastic modulus of 3 kPa and entraps chondrocytes; muscle tissues has elastic moduli between 8 and 17 kPa and entraps myoblasts;
and the strongest is osteoblast entrapping bone tissue with elastic moduli from 25 to 40 kPa (Aurand et al., 2012; Lv et al., 2015).
to connect with biologically relevant peptide epitopes to
tune bioavailability.
Beside nanofibrous scaffolds, amyloids represent promising
peptide species as substrates to control stem cell behavior.
Amyloids are highly ordered peptide aggregates. Their formation
from soluble proteins during the life-time of an organism
is commonly associated with degenerative diseases including
Alzheimer’s and Parkinson’s disease. It may seem unexpected
to use motifs that are responsible for degenerative diseases
as substrates for applications in regenerative medicine, but
recent studies have shown that this is possible (Masliah et al.,
2001; Hardy, 2002; Lashuel et al., 2002; Chiti and Dobson,
2006; Winner et al., 2011; Jacob et al., 2015). Amyloid folding
can be tuned based on the amino acid composition (Mankar
et al., 2011). Amyloid structures exist predominantly as β-
sheets, which are characteristically arranged in a highly repetitive
cross-β structure, which forms stable, long, straight, and
unbranched amyloid-fibrils consisting of individual subunits,
named protofilaments (Goldsbury et al., 1999; Serpell et al.,
2000; Nelson and Eisenberg, 2006; Rambaran and Serpell, 2008).
Jacob et al. developed a series of peptides to form amyloid
nanofibril based hydrogels for 2D and 3D stem cell culture and
differentiation (Jacob et al., 2015). These amyloid nanofibrils,
consisting of self-assembling Fmoc-protected peptides derived
from β-sheet prone C-terminal Aβ42 are non-toxic, thermo-
reversible and thixotropic. By varying the peptide and salt
concentration, the stiffness of the resulting amyloid gels can
be modulated. Most of them are supporting cell attachment,
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TABLE 1 | Differentiation potential of 2D and 3D peptide-based biomaterials, differentiation features: 1, chemical group; 2, substrate elasticity; 3, topology.
Cell behavior Cell type Substrate description Feature References
Cell attachment
and proliferation
hiPSC VN (Ac-KGGPQVTRGDVFTMP)-conjugated hyaluronic acid 1 Zhang et al., 2016
hASC C-terminal functionalized RAD16-I: Bone Marrow Homing Peptide 1
(BMHP1, SKPPGTSS, RAD/SKP), heparin binding motif (FHRRIKA,
RAD/FHR) and a PRGD-peptide motif (PRGDSGYRGDS, RAD/PRGD)
1 Liu et al., 2013
hMSC Fmoc-protected peptides from Aβ42 1, 3 Jacob et al., 2015
Neurogenesis
inducing materials
hMSC Fmoc-protected peptides from Aβ42 1, 3 Jacob et al., 2015
ratNSC Aβ-monomers 1 Collins et al., 2015
ratNSC IKVAV-linked RAD16-I peptide hydrogel 1, 2, 3 Cheng et al., 2013
murine NSC RAD16, RAD16-BMHP1, RAD16-BMHP2 (PFSSTKT) 1, 3 Gelain et al., 2006
rat PC12 RAD16-I, RAD16-II 3 Holmes et al., 2000;
Wu et al., 2012
rat PC12, murine NSC hSAF, RGDS-functionalized hSAF 1, 2 Banwell et al., 2009;
Mehrban et al., 2015
Chondrogenesis
inducing materials
MSC, Chondrocytes PEG-conjugated CMPs 3 Lee et al., 2008; Deans
and Elisseeff, 2010
hMSC Self-assembled N-cadherin mimetic peptide hydrogel 1, 2 Li et al., 2017
ratMSC Glucose-presenting peptide nanofiber 1 Yasa et al., 2017
Osteogenesis
inducing materials
ratMSC Glucose-presenting peptide nanofiber 1 Yasa et al., 2017
hiPSC VN- and BFP- functionalized hydrogel surfaces 1 Deng et al., 2018
MSC PEGylated PFSSTGTC peptide SAMs 1, 3 Han et al., 2015
hMSC Covalently grafted KRGDSPC modified silica-nanoribbons 1, 3 Das et al., 2013
ratMSC N-terminal palmitic acid modified RGDEAAAGGG 1, 2, 3 Hosseinkhani et al.,
2006a,b
MC3T3 RAD16, RAD16-ALKRQGRTLYGF (ALK), RAD16-DGRGDSVAYG
(DGR), RAD16-PRGDSGYRGDS (PRG)




RAD16-I coated H-PHP 1, 3 Semino et al., 2003;
Bokhari et al., 2005
proliferation and influence the stem cell fate. The softest
gel supports neuronal differentiation pathways for hMSCs. In
summary, stem cell proliferation and adhesion can be supported
by fibrous structures that provide a 3D environment which
approximates the natural ECM. Additional approaches also
use short self-assembling Fmoc-peptides as scaffolds, e.g., for
the delivery of growth factors (Rodriguez et al., 2013, 2018;
Bruggeman et al., 2016) or enzymatic self-assembly control
(Williams et al., 2010). Furthermore, conjugation with short




Besides the described physical hydrogel support, it is well-
known that β-amyloid peptide (Aβ) and prion protein (PrP),
the Aβ-oligomer receptor, both influence neurogenesis. Studies
by Collins et al. showed that neural stem cells (NSCs) were
influenced by this interplay via different Aβ-pathway activation
in presence or absence of PrP. The proliferation signals of NSCs
were inhibited by Aβ-PrP signaling (Collins et al., 2015). Short
regions of the amyloid precursor protein, especially Aβ42, could
be suitable for the development of amyloid-based materials for
NSCs cell culture and differentiation.
In contrast to β-sheet based amyloids, certain coiled coil
forming peptides can adopt higher ordered structures that are
α-helical in nature. Coiled-coil motifs are common among
natural proteins, in fact, sequence analysis has shown that
nearly 2–3% of natural proteins contain coiled-coils (Wolf
et al., 1997; Burkhard et al., 2001). The coiled-coil consists
of two to seven α-helical strands that form a left-handed
superhelical twist (Woolfson, 2005; Falenski et al., 2010). Its
amino acid sequence is characterized by a seven residue
periodicity, called a heptad repeat and enables the rational
design bymodification, for example with carbohydrate or peptide
ligands (Zacco et al., 2015a,b).
Based on this design, several groups have developed peptide-
based materials for cell culture applications. A self-assembling α-
helical peptide-based hydrogel was shown to support the growth
and differentiation of rat adrenal pheochromocytoma cells. The
developed hydrogelating self-assembling fibers (hSAFs) are able
to form networks of α-helical fibrils and build hydrogels, which
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entrap more than 99% of water by weight. The design of a
self-assembling fiber (SAF) based on an α-helical coiled-coil
peptide was previously described (Ryadnov and Woolfson, 2003;
Papapostolou et al., 2007; Banwell et al., 2009). The resulting
hSAFs were applied as suitable and defined microenvironments
for cell growth and differentiation. A RGDS-functionalized hSAF
demonstrated improved cellular attachment and differentiation
compared to undecorated gels for NSC culture (Mehrban et al.,
2015). NSC attachment to the developed hSAFs increases upon
addition of the cell-adhesion motif RGDS. It was also shown that
the NSCs form large neurospheres inside the functionalized gels
and then mature into neurons. Thus, it was demonstrated that
these α-helical peptide-based hydrogels provide an appropriate
extracellular environment for NSCs and represent a starting
point for the development of materials that support neural
tissue engineering.
Additionally, nanofibrous structures, like RAD16, were shown
to support gene expressions of neural stem cell differentiation by
conjugation with BMHP1 and Bone Marrow Homing Peptide 2
(BMHP2) (Gelain et al., 2006). The conjugation of RAD16-I with
IKVAV was realized with the aim of creating a self-assembling
IKVAV-linked peptide hydrogel as a 3D scaffold for enhanced
differentiation of neural stem cells and is a potential application
for the regeneration of injured brain tissue (Cheng et al., 2013).
The IKVAV motif is known to promote neurite outgrowth
and enhances neuronal differentiation and neurite proliferation
(Yamada et al., 2002). Similarly to RAD16-I, RAD16-II showed to
be a suitable substrate for neurite outgrowth (Holmes et al., 2000;
Wu et al., 2012). The conjugation of different peptide motifs
to these peptide hydrogel scaffolds lead to an enhancement of
neuronal differentiation behavior of different stem cell lines.
CHONDROGENESIS INDUCING
BIOMATERIALS
Mimicking the structure of adhesion proteins like collagen is one
approach to creating chondrogenesis inducing materials (Zhang
et al., 2012). Collagen has a triple-helix structure (Brodsky and
Ramshaw, 1997; Brodsky and Persikov, 2005; Wess, 2005) that
can be mimicked by synthetic peptide-amphiphiles (Cen et al.,
2008; Zhang et al., 2012) and coiled-coil peptides (Hennessy et al.,
2009). Important examples include collagen mimetic peptides
(CMPs), which are able to adopt the tertiary structure of natural
collagen (Lee et al., 2006, 2008; Deans and Elisseeff, 2010).
Conjugated with PEG, the CMP substrates retain their structure
to help encapsulate collagen, which maintains chondrocytes (Lee
et al., 2006; Deans and Elisseeff, 2010) and thus, serves as suitable
substrate to enable MSCs chondrogenesis (Lee et al., 2008;
Deans and Elisseeff, 2010). Also, a self-assembled N-cadherin
mimetic peptide hydrogel was found to promote chondrogenic
differentiation of hMSC (Li et al., 2017).
Another approach investigates the effect of glucose,
carboxylate, and sulfonate attached to a peptide nanofiber
on the differentiation behavior of rat MSCs (Yasa et al.,
2017). It was shown that the presence of a glucose moiety
on the peptide nanofiber leads to osteo/chondrogenic
differentiation of the tested cells. Chondrogenesis inducing
peptidic biomaterials have to combine the structural and
morphological features of cartilage tissue. Glycosaminoglycans
play an important role in achieving the stiffness of natural ECM,
and conjugation of simple functional groups to these substrates




Bone tissue has the greatest stiffness of all types, but stem cells
exist in the bone marrow niche, which is variable stiff and it is
not clear how their fate will be directed after leaving their niche
(Ivanovska et al., 2015). In addition to stiffness, substrates that
enhance osteogenesis have to provide topological cues to induce
osteogenic signals.
Self-assembled monolayers (SAMs) are highly organized
substrates, which are adsorbed onto gold surfaces and suitable
for development of 2D-cell culture materials due to tunable
surface properties to regulate cell-substrate interaction via
surface modifications (Hudalla and Murphy, 2009; Griffin et al.,
2015; Kehr et al., 2015). To this end self-assembling peptides are
optimal substrates; for example, a SAM consisting of PEGylated
PFSSTKTC peptide modified on quartz substrate was shown to
direct osteogenic differentiation of MSCs (Han et al., 2015).
The modification of hydrogels with biologically relevant
peptide epitopes, derived from adhesion proteins of the ECMwas
shown to support long-term maintenance and induce osteogenic
differentiation of hiPSCs. The VN and BFP (Bone Forming
Peptide) concentration on the hydrogel surface was varied and
different degrees of differentiation of hiPSCs were achieved
(Deng et al., 2018).
Modification and covalent grafting of silica-nanoribbons with
KRGDSPC peptide onto activated glass substrates highlights the
influence of shape and topology of a synthetic ECM on cell
fate. It was shown, that the studied helical nanoribbons induced
differentiation into osteoblast lineage (Das et al., 2013).
C-terminal extension of RAD16 with different biologically
relevant epitopes are shown to promote osteogenic
differentiation of osteoblast precursor cells (Horii et al.,
2007). Further developments investigated the design of peptide-
amphiphiles including the recognition motif RGD (see Table 1)
andN-terminal palmitic acid. This conjugate builts a 3D-network
by mixing an aqueous solution of peptide-amphiphile with
MSCs and influences the stem cells’ attachment, proliferation,
and differentiation to osteogenic lineage (Hosseinkhani et al.,
2006a,b). Combination of PolyHIPE polymer (PHP) with
RAD16-I produced a nanoscale environment and spontaneously
self-assembled into highly hydrated nanofibers able to trap
volume contents of 99.5% water and to envelope cells in a
3D environment (Semino et al., 2003; Bokhari et al., 2005).
A significant increase of cell-number in RAD16-I coated H-
PHP constructs was observed compared to H-PHP alone and
osteoblast differentiation was observed (Bokhari et al., 2005).
Several approaches dealing with osteoinductive materials are
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focusing on signals sent by molecules covalently grafted onto
inert surfaces or presented in a 3D nanofiber network.
CONCLUSION
With the help of 20 canonical amino acids nature builds a
repertoire of structural motifs to determine stem cell fate. This
repertoire can be extended via the use of synthetic amino
acids and in creating biologically relevant recognition and
signal motifs. The resulting structural motifs can build stable,
flexible and regenerative assemblies to form artificial ECMs. The
peptide-based materials presented in this review comply with the
requirements of an artificial matrix for mimicking the natural
environment of stem cells. It is important that such peptides and
their resulting assemblies be stable enough to remain in stem cell
culture medium without precipitation due to undesired further
aggregation or degradation. Peptides have been successfully used
to develop scaffolds of variable stiffness for stem cell culture
and differentiation and have proven their potential for use as
ECM mimetics and as potential stem cell culture substrates. The
advantageous properties of these biopolymers include their ease
of design and synthesis and their ability to form chemically
well-defined higher order assemblies, which makes them ideal
candidates for both 2D and 3D tissue engineering applications. In
this context, coiled-coil peptides have proven as highly suitable
scaffolds for cell culture applications due to their predictable
self-assembly properties, which also allow multivalent ligand
presentation (Zacco et al., 2015a). However, to date, very few
examples of 2D and 3D coiled-coil based scaffolds that influence
stem cell behavior exist. Another limitation is our current
understanding of stem cell niches and their differentiation
mechanisms, which is not sufficient yet for either the rational
design of ECM-materials or the prediction of the fate of the cell;
more research is needed in this area.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.
ACKNOWLEDGMENTS
Open Access Funding provided by the Freie Universität Berlin.
The project was funded by the DFG-CRC 765 Multivalency (SFB
765/2-2014). We are grateful to Dr. Allison Ann Berger for
polishing the English language of the manuscript.
REFERENCES
Aurand, E. R., Lampe, K. J., and Bjugstad, K. B. (2012). Defining and designing
polymers and hydrogels for neural tissue engineering. Neurosci. Res. 72,
199–213. doi: 10.1016/j.neures.2011.12.005
Banwell, E. F., Abelardo, E. S., Adams, D. J., Birchall, M. A., Corrigan, A., Donald,
A. M., et al. (2009). Rational design and application of responsive α-helical
peptide hydrogels. Nat. Mater. 8, 596–600. doi: 10.1038/nmat2479
Bokhari, M. A., Akay, G., Zhang, S., and Birch, M. A. (2005). The
enhancement of osteoblast growth and differentiation in vitro on a peptide
hydrogel—polyHIPE polymer hybrid material. Biomaterials 26, 5198–5208.
doi: 10.1016/j.biomaterials.2005.01.040
Brodsky, B., and Persikov, A. V (2005). Molecular structure of the collagen
triple helix. Adv. Protein Chem. 70, 302–333. doi: 10.1016/S0065-3233(04)
70009-1
Brodsky, B., and Ramshaw, J. A. (1997). The collagen triple-helix structure.Matrix
Biol. 15, 545–554. doi: 10.1016/S0945-053X(97)90030-5
Bruggeman, K. F., Rodriguez, A. L., Parish, C. L., Williams, R. J., and
Nisbet, D. R. (2016). Temporally controlled release of multiple growth
factors from a self-assembling peptide hydrogel. Nanotechnology 27:385102.
doi: 10.1088/0957-4484/27/38/385102
Burkhard, P., Stetefeld, J., and Strelkov, S. V. (2001). Coiled coils: a
highly versatile protein folding motif. Trends Cell Biol. 11, 82–88.
doi: 10.1016/S0962-8924(00)01898-5
Cen, L., Liu, W., Cui, L., Zhang, W., and Cao, Y. (2008). Collagen tissue
engineering: development of novel biomaterials and applications. Pediatr. Res.
63, 492–496. doi: 10.1203/PDR.0b013e31816c5bc3
Cheng, T. Y., Chen, M. H., Chang, W. H., Huang, M. Y., and Wang, T. W.
(2013). Neural stem cells encapsulated in a functionalized self-assembling
peptide hydrogel for brain tissue engineering. Biomaterials 34, 2005–2016.
doi: 10.1016/j.biomaterials.2012.11.043
Chiti, F., and Dobson, C. M. (2006). Protein misfolding, functional
amyloid, and human disease. Annu. Rev. Biochem. 75, 333–366.
doi: 10.1146/annurev.biochem.75.101304.123901
Collins, S. J., Tumpach, C., Li, Q. X., Lewis, V., Ryan, T. M., Roberts,
B., et al. (2015). The prion protein regulates beta-amyloid-mediated
self-renewal of neural stem cells in vitro. Stem Cell Res. Ther. 6:60.
doi: 10.1186/s13287-015-0067-4
Curran, J. M., Chen, R., and Hunt, J. A. (2005). Controlling the phenotype
and function of mesenchymal stem cells in vitro by adhesion to
silane-modified clean glass surfaces. Biomaterials 26, 7057–7067.
doi: 10.1016/j.biomaterials.2005.05.008
Curran, J. M., Chen, R., and Hunt, J. A. (2006). The guidance of
human mesenchymal stem cell differentiation in vitro by controlled
modifications to the cell substrate. Biomaterials 27, 4783–4793.
doi: 10.1016/j.biomaterials.2006.05.001
Das, R. K., Zouani, O. F., Labrugère, C., Oda, R., and Durrieu, M.-C. (2013).
Influence of nanohelical shape and periodicity on stem cell fate. ACS Nano 7,
3351–3361. doi: 10.1021/nn4001325
Deans, T. L., and Elisseeff, J. (2010). Mimicking extracellular matrix to direct stem
cell differentiation.World Stem Cell Rep. 2009, 97–100.
Deng, Y., Wei, S., Yang, L., Yang, W., Dargusch, S., Chen, Z., et al.
(2018). A novel hydrogel surface grafted with dual functional peptides for
sustaining long-term self-renewal of human induced pluripotent stem cells
and manipulating their osteoblastic maturation. Adv. Funct. Mater.28:1705546.
doi: 10.1002/adfm.201705546
Ding, S., and Schultz, P. G. (2004). A role for chemistry in stem cell biology. Nat.
Biotechnol. 22, 833–840. doi: 10.1038/nbt987
Falenski, J. A., Gerling, U. I. M., and Koksch, B. (2010). Multiple glycosylation of de
novo designed α-helical coiled coil peptides. Bioorg. Med. Chem. 18, 3703–3706.
doi: 10.1016/j.bmc.2010.03.061
Fuchs, E., Tumbar, T. and Gausch, G. (2004). Socializing with the
neighbors:stem cells and their niche. Cell 116, 769–778. doi: 10.1016/S0092-86
74(04)00255-7
Gelain, F., Bottai, D., Vescovi, A., and Zhang, S. (2006). Designer self-assembling
peptide nanofiber scaffolds for adult mouse neural stem cell 3-dimensional
cultures. PLoS ONE 1:e119. doi: 10.1371/journal.pone.0000119
Goldsbury, C., Kistler, J., Aebi, U., Arvinte, T., and Cooper, G. J. (1999). Watching
amyloid fibrils grow by time-lapse atomic force microscopy. J. Mol. Biol. 285,
33–39. doi: 10.1006/jmbi.1998.2299
Griffin, M. F., Butler, P. E., Seifalian, A. M., and Kalaskar, D. M. (2015). Control of
stem cell fate by engineering their micro and nanoenvironment.World J. Stem
Cells 7:37. doi: 10.4252/wjsc.v7.i1.37
Guilak, F., Cohen, D. M., Estes, B. T., Gimble, J. M., Liedtke, W., and Chen, C. S.
(2009). Control of stem cell fate by physical interactions with the extracellular
matrix. Cell Stem Cell 5, 17–26. doi: 10.1016/j.stem.2009.06.016
Frontiers in Chemistry | www.frontiersin.org 6 March 2019 | Volume 7 | Article 172
Hellmund and Koksch Peptides as Extracellular Matrix Mimics
Han, K., Yin, W. N., Fan, J. X., Cao, F. Y., and Zhang, X. Z. (2015).
Photo-activatable substrates for site-specific differentiation of stem
cells. ACS Appl. Mater. Interfaces 7, 23679–23684. doi: 10.1021/ac
sami.5b07455
Hardy, J. (2002). The amyloid hypothesis of Alzheimer’s disease: progress
and problems on the road to therapeutics. Science 297, 353–356.
doi: 10.1126/science.1072994
Hennessy, K. M., Pollot, B. E., Clem, W. C., Phipps, M. C., Sawyer, A.
A., Culpepper, B. K., et al. (2009). The effect of collagen I mimetic
peptides on mesenchymal stem cell adhesion and differentiation, and on
bone formation at hydroxyapatite surfaces. Biomaterials 30, 1898–1909.
doi: 10.1016/j.biomaterials.2008.12.053
Holmes, T. C., de Lacalle, S., Su, X., Liu, G., Rich, A., and Zhang, S.
(2000). Extensive neurite outgrowth and active synapse formation on self-
assembling peptide scaffolds. Proc. Natl. Acad. Sci. U.S.A. 97, 6728–6733.
doi: 10.1073/pnas.97.12.6728
Horii, A., Wang, X., Gelain, F., and Zhang, S. (2007). Biological designer self-
assembling peptide nanofiber scaffolds significantly enhance osteoblast
proliferation, differentiation and 3-D migration. PLoS ONE 2:e190.
doi: 10.1371/journal.pone.0000190
Hosseinkhani, H., Hosseinkhani, M., and Kobayashi, H. (2006a).
Proliferation and differentiation of mesenchymal stem cells using self-
assembled peptide amphiphile nanofibers. Biomed. Mater. 1, 8–15.
doi: 10.1088/1748-6041/1/1/002
Hosseinkhani, H., Hosseinkhani, M., Tian, F., Kobayashi, H., and Tabata,
Y. (2006b). Osteogenic differentiation of mesenchymal stem cells in
self-assembled peptide-amphiphile nanofibers. Biomaterials 27, 4079–4086.
doi: 10.1016/j.biomaterials.2006.03.030
Hudalla, G. A., and Murphy, W. L. (2009). Using “click” chemistry to prepare
SAM substrates to study stem cell adhesion. Langmuir 25, 5737–5746.
doi: 10.1021/la804077t
Hynes, R. (2009). Extracellular matrix: not just pretty fibrils. Science 326,
1216–1219.
Ivanovska, I. L., Shin, J. W., Swift, J., and Discher, D. E. (2015). Stem cell
mechanobiology: diverse lessons from bone marrow. Trends Cell Biol. 25,
523–532. doi: 10.1016/j.tcb.2015.04.003
Jacob, R. S., Ghosh, D., Singh, P. K., Basu, S. K., Jha, N. N., Das, S.,
et al. (2015). Self healing hydrogels composed of amyloid nano fibrils
for cell culture and stem cell differentiation. Biomaterials 54, 97–105.
doi: 10.1016/j.biomaterials.2015.03.002
Jones, D. L., and Wagers, A. J. (2008). No place like home: anatomy and function
of the stem cell niche. Nat. Rev. Mol. Cell Biol. 9, 11–21. doi: 10.1038/nrm2319
Jung, J. P., Gasiorowski, J. Z., and Collier, J. H. (2010). Fibrillar peptide gels in
biotechnology and biomedicine. Biopolymers 94, 49–59. doi: 10.1002/bip.21326
Kehr, N. S., Atay, S., and Ergün, B. (2015). Self-assembled monolayers and
nanocomposite hydrogels of functional nanomaterials for tissue engineering
applications.Macromol. Biosci. 15, 445–463. doi: 10.1002/mabi.201400363
Knoblich, J. A. (2008). Mechanisms of asymmetric stem cell division. Cell 132,
583–597. doi: 10.1016/j.cell.2008.02.007
Kühl, S., and Kühl, M. (2012). Stammzellbiologie. Stuttgart: Verlag Eugen Ulmer.
Lakshmanan, A., Zhang, S., and Hauser, C. A. (2012). Short self-assembling
peptides as building blocks for modern nanodevices. Trends Biotechnol. 30,
155–165. doi: 10.1016/j.tibtech.2011.11.001
Lampe, K. J., and Heilshorn, S. C. (2012). Building stem cell niches from
the molecule up through engineered peptide materials. Neurosci. Lett. 519,
138–146. doi: 10.1016/j.neulet.2012.01.042
Lashuel, H. A., Hartley, D., Petre, B. M., Walz, T., and Lansbury, P. T. (2002).
Neurodegenerative disease: amyloid pores from pathogenic mutations. Nature
418, 291–291. doi: 10.1038/418291a
Lee, H. J., Lee, J.-S., Chansakul, T., Yu, C., Elisseeff, J. H., and Yu, S. M. (2006).
Collagen mimetic peptide-conjugated photopolymerizable PEG hydrogel.
Biomaterials 27, 5268–5276. doi: 10.1016/j.biomaterials.2006.06.001
Lee, H. J., Yu, C., Chansakul, T., Hwang, N. S., Varghese, S., Yu, S. M., et al. (2008).
Enhanced chondrogenesis of mesenchymal stem cells in collagen mimetic
peptide-mediated microenvironment. Tissue Eng. Part A 14, 1843–1851.
doi: 10.1089/ten.tea.2007.0204
Li, L., and Xie, T. (2005). Stem cell niche: structure and function. Annu. Rev. Cell
Dev. Biol. 21, 605–631. doi: 10.1146/annurev.cellbio.21.012704.131525
Li, R., Xu, J., Wong, D. S. H., Li, J., Zhao, P., and Bian, L. (2017). Self-
assembled N-cadherin mimetic peptide hydrogels promote the chondrogenesis
of mesenchymal stem cells through inhibition of canonical Wnt/β-catenin
signaling. Biomaterials 145, 33–43. doi: 10.1016/j.biomaterials.2017.08.031
Liu, X., Wang, X., Wang, X., Ren, H., He, J., Qiao, L., et al. (2013). Functionalized
self-assembling peptide nanofiber hydrogels mimic stem cell niche to control
human adipose stem cell behavior in vitro. Acta Biomater. 9, 6798–6805.
doi: 10.1016/j.actbio.2013.01.027
Lutolf, M. P., Gilbert, P. M., and Blau, H. M. (2009). Designing materials to direct
stem-cell fate. Nature 462, 433–441. doi: 10.1038/nature08602
Lv, H., Li, L., Sun, M., Zhang, Y., Chen, L., Rong, Y., et al. (2015). Mechanism of
regulation of stem cell differentiation by matrix stiffness. Stem Cell Res. Ther.
6:103. doi: 10.1186/s13287-015-0083-4
Mankar, S., Anoop, A., Sen, S., and Maji, S. K. (2011). Nanomaterials: amyloids
reflect their brighter side. Nano Rev. 2:6032. doi: 10.3402/nano.v2i0.6032
Masliah, E., Rockenstein, E., Veinbergs, I., Sagara, Y., Mallory, M., Hashimoto,
M., et al. (2001). -Amyloid peptides enhance -synuclein accumulation and
neuronal deficits in a transgenic mouse model linking Alzheimer’s disease
and Parkinson’s disease. Proc. Natl. Acad. Sci.U.S.A. 98, 12245–12250.
doi: 10.1073/pnas.211412398
Mehrban, N., Zhu, B., Tamagnini, F., Young, F. I., Wasmuth, A.,
Hudson, K. L., et al. (2015). Functionalized α-helical peptide hydrogels
for neural tissue engineering. ACS Biomater. Sci. Eng. 1, 431–439.
doi: 10.1021/acsbiomaterials.5b00051
Morrison, S. J., and Spradling, A. C. (2008). Stem cells and niches: mechanisms
that promote stem cell maintenance throughout life. Cell 132, 598–611.
doi: 10.1016/j.cell.2008.01.038
Murphy, W. L., McDevitt, T. C., and Engler, A. J. (2014). Materials as stem cell
regulators. Nat. Mater. 13, 547–557. doi: 10.1038/nmat3937
Nelson, R., and Eisenberg, D. (2006). Recent atomic models of amyloid fibril
structure. Curr. Opin. Struct. Biol. 16, 260–265. doi: 10.1016/j.sbi.2006.03.007
Odorico, J. S., Kaufman, D. S., and Thomson, J. (2001). Multilineage
differentiation from human embryonic stem cell lines. Stem Cells 19, 193–204.
doi: 10.1634/stemcells.19-3-193
Papapostolou, D., Smith, A. M., Atkins, E. D., Oliver, S. J., Ryadnov, M. G.,
Serpell, L. C., et al. (2007). Engineering nanoscale order into a designed
protein fiber. Proc. Natl. Acad. Sci.U.S.A. 104, 10853–10858. doi: 10.1073/pnas.
0700801104
Pek, Y. S., Wan, A. C., and Ying, J. Y. (2010). The effect of matrix stiffness on
mesenchymal stem cell differentiation in a 3D thixotropic gel. Biomaterials 31,
385–391. doi: 10.1016/j.biomaterials.2009.09.057
Rambaran, R. N., and Serpell, L. C. (2008). Amyloid fibrils. Prion 2, 112–117.
doi: 10.4161/pri.2.3.7488
Rodriguez, A. L., Bruggeman, K. F., Wang, Y., Wang, T. Y., Williams, R.
J., Parish, C. L., et al. (2018). Using minimalist self-assembling peptides
as hierarchical scaffolds to stabilise growth factors and promote stem cell
integration in the injured brain. J. Tissue Eng. Regen. Med. 12, e1571–e1579.
doi: 10.1002/term.2582
Rodriguez, A. L., Parish, C. L., Nisbet, D. R., and Williams, R. J. (2013).
Tuning the amino acid sequence of minimalist peptides to present biological
signals via charge neutralised self assembly. Soft Matter 9, 3915–3919.
doi: 10.1039/c3sm27758e
Ryadnov, M. G., and Woolfson, D. N. (2003). Engineering the morphology
of a self-assembling protein fibre. Nat. Mater. 2, 329–332. doi: 10.
1038/nmat885
Schofield, R. (1978). The relationship between the spleen colony-forming cell and
the haemopoietic stem cell. Blood Cells 4, 7–25
Semino, C. E., Merok, J. R., Crane, G. G., Panagiotakos, G., and Zhang, S. (2003).
Functional differentiation of hepatocyte-like spheroid structures from putative
liver progenitor cells in three-dimensional peptide scaffolds. Differentiation 71,
262–270. doi: 10.1046/j.1432-0436.2003.7104503.x
Serpell, L. C., Sunde, M., Benson, M. D., Tennent, G. A., Pepys, M. B., and Fraser,
P. E. (2000). The protofilament substructure of amyloid fibrils. J. Mol. Biol. 300,
1033–1039. doi: 10.1006/jmbi.2000.3908
Takahashi and Yamanaka (2006). Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures
by defined factors. Cell 126, 663–676. doi: 10.1016/j.cell.
2006.07.024
Frontiers in Chemistry | www.frontiersin.org 7 March 2019 | Volume 7 | Article 172
Hellmund and Koksch Peptides as Extracellular Matrix Mimics
Trappmann, B., Gautrot, J. E., Connelly, J. T., Strange, D. G., Li, Y., Oyen, M. L.,
et al. (2012). Extracellular-matrix tethering regulates stem-cell fate. Nat. Mater.
11, 642–649. doi: 10.1038/nmat3339
Walker, M., Patel, K., and Stappenbeck, T. (2009). The stem cell niche. J. Pathol.
217, 169–180. doi: 10.1002/path.2474
Watt, F. M., and Hogan, B. L. (2000). Out of Eden: stem cells and their niches.
Science 287, 1427–1430. doi: 10.1126/science.287.5457.1427
Watt, F. M., and Huck, W. T. (2013). Role of the extracellular matrix in
regulating stem cell fate. Nat. Rev. Mol. Cell Biol. 14, 467–473. doi: 10.
1038/nrm3620
Wess, T. (2005). Collagen fibril form and function. Adv. Protein Chem. 70,
341–374. doi: 10.1016/S0065-3233(04)70010-8
Williams, R. J., Mart, R. J., and Ulijn, R. V. (2010). Exploiting biocatalysis
in peptide self-assembly. Biopolymers 94, 107–117. doi: 10.1002/bip.
21346
Winner, B., Jappelli, R., Maji, S. K., Desplats, P. A., Boyer, L., Aigner, S., et al. (2011).
In vivo demonstration that -synuclein oligomers are toxic. Proc. Natl. Acad.
Sci.U.S.A. 108, 4194–4199. doi: 10.1073/pnas.1100976108
Wolf, E., Kim, P. S., and Berger, B. (1997). MultiCoil: a program for
predicting two-and three-stranded coiled coils. Protein Sci. 6, 1179–1189.
doi: 10.1002/pro.5560060606
Woolfson, D. N. (2005). The design of coiled-coil structures and assemblies. Adv.
Protein Chem. 70, 79–112. doi: 10.1016/S0065-3233(05)70004-8
Wu, E. C., Zhang, S., and Hauser, C. A. E. (2012). Self-assembling
peptides as cell-interactive scaffolds. Adv. Funct. Mater. 22, 456–468.
doi: 10.1002/adfm.201101905
Yamada, M., Kadoya, Y., Kasai, S., Kato, K., Mochizuki, M., Nishi,
N., et al. (2002). Ile-Lys-Val-Ala-Val (IKVAV)-containing laminin
α1 chain peptides form amyloid-like fibrils. FEBS Lett. 530, 48–52.
doi: 10.1016/S0014-5793(02)03393-8
Yanlian, Y., Ulung, K., Xiumei, W., Horii, A., Yokoi, H., and Shuguang, Z. (2009).
Designer self-assembling peptide nanomaterials. Nano Today 4, 193–210.
doi: 10.1016/j.nantod.2009.02.009
Yasa, O., Uysal, O., Ekiz, M. S., Guler, M. O., and Tekinay, A. B. (2017).
Presentation of functional groups on self-assembled supramolecular peptide
nanofibers mimicking glycosaminoglycans for directed mesenchymal stem cell
differentiation. J. Mater. Chem. B 5, 4890–4900. doi: 10.1039/C7TB00708F
Zacco, E., Anish, C., Martin, C. E. V., Berlepsch, H., Brandenburg, E.,
Seeberger, P. H., et al. (2015a). A self-assembling peptide scaffold for
the multivalent presentation of antigens. Biomacromolecules 16, 2188–2197.
doi: 10.1021/acs.biomac.5b00572
Zacco, E., Hütter, J., Heier, J. L., Mortier, J., Seeberger, P. H., Lepenies, B., et al.
(2015b). Tailored presentation of carbohydrates on a coiled coil-based scaffold
for asialoglycoprotein receptor targeting. ACS Chem. Biol. 10, 2065–2072.
doi: 10.1021/acschembio.5b00435
Zhang, S., Gelain, F., and Zhao, X. (2005). Designer self-assembling peptide
nanofiber scaffolds for 3D tissue cell cultures. Semin. Cancer Biol. 15, 413–420.
doi: 10.1016/j.semcancer.2005.05.007
Zhang, X., Zhou, P., Zhao, Y., Wang, M., and Wei, S. (2016). Peptide-conjugated
hyaluronic acid surface for the culture of human induced pluripotent
stem cells under defined conditions. Carbohydr. Polym. 136, 1061–1064.
doi: 10.1016/j.carbpol.2015.09.081
Zhang, Z., Hu, J., and Ma, P. X. (2012). Nanofiber-based delivery of bioactive
agents and stem cells to bone sites. Adv. Drug Deliv. Rev. 64, 1129–1141.
doi: 10.1016/j.addr.2012.04.008
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Hellmund and Koksch. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Chemistry | www.frontiersin.org 8 March 2019 | Volume 7 | Article 172
